ABSTRACT Electromagnetic modes and associated instabilities in a partially ionized, self-gravitating, nonuniform, isothermal, initially static magnetoplasma are theoretically investigated. The e †ects of the neutral Ñuid dynamics, the inhomogeneities in the external magnetic Ðeld and the background plasma number density, the self-gravitational Ðeld, the drag forces, the ionization and recombination, etc., on the dispersion properties of electromagnetic waves for di †erent frequency regimes of interest are examined. It is shown that new types of instabilities, the Ðrst type of which is due to the combined e †ects of the selfgravitational and the drag forces, the second type of which is due to the combined e †ects of the plasma and the neutral Ñuid dynamics, and the third type of which is due to the drifting of electrons, exist in such a magnetoplasma. Furthermore, the e †ects of the external magnetic Ðeld and its inhomogeneity, the neutral Ñuid temperature, collisions of electrons or ions with neutrals, and the ionization play the stabilizing role, whereas the e †ects of the neutral Ñuid mass density, the plasma number density inhomogeneity, collisions of neutrals with electrons or ions, and the recombination play the destabilizing role. It is suggested that such instabilities could be responsible for the fragmentation of molecular clouds into substructures that in turn may fail to be supported against the self-gravity and may collapse to form the stars.
INTRODUCTION
Studies of waves and associated instabilities in partially ionized plasma (StenÑo 1985 ; StenÑo, Tsintsadze, & Buadze 1989 ; Pudritz 1990 ; Carlberg & Pudritz 1990 ; Huba 1991 ; Huba, Grossmann, & Ottinger 1994 ; Birk, Kopp, & Shukla 1996 ; Suzuki & Sakai 1996 ; Daughton et al. 1998 ; Zweibel 1998 ; StenÑo 1999) , which is quite common in most space and astrophysical plasma systems, particularly in molecular clouds, protostellar disks, interstellar and circumstellar clouds, the ionosphere of the Earth, etc. (Huba 1990 ; Suzuki & Sakai 1996 ; Bulanov & Sakai 1998 ; Zweibel 1999) , have received a remarkable renewed interest because of their vital role in understanding the dynamics and fragmentation of molecular clouds, star formation, galactic structure and its evolution, magnetic Ðeld reconnection, the evolution of the magnetic Ðeld in molecular clouds, etc. (Norman & Heyvaerts 1985 ; Myers & Goodman 1988 ; Zweibel 1989 ; Huba 1990 Huba , 1991 Huba & Fedder 1993 ; Suzuki & Sakai 1996 ; Bulanov & Sakai 1998 ; Zweibel 1998 Zweibel , 1999 .
The waves and instabilities in such a partially ionized magnetoplasma can be studied in any of three possible regimes, namely, (1) the electromagnetic force is much stronger than the gravitational force, (2) the electromagnetic force is of the same order of magnitude as the gravitational force, and (3) the electromagnetic force is much weaker than the gravitational force. Case 1 corresponds to usual laboratory plasma situations where Coulombic interaction is primarily responsible for the plasma dielectric behavior. Case 2 corresponds to planetary atmospheres and interstellar media, where the thickness of the Jovian ring, the spoke formation in the Saturn rings, etc., are thought to be due to the balance of these two forces & Mendis 1983 ). (Alfve n Case 3 generally corresponds to astrophysical plasmas where the formation of large-scale structures is attributed to gravitational condensation (Binney & Tremaine 1987) .
A number of investigations of waves and instabilities in a self-gravitating partially ionized magnetoplasma have been done in the last few years by a number of authors, for example, Pudritz (1990) , Carlberg & Pudritz (1990) , Suzuki & Sakai (1996) , Zweibel (1998) , etc. Pudritz (1990) performed a local linear instability analysis of a self-gravitating partially ionized magnetoplasma and reported the stability results for the molecular clouds. Carlberg & Pudritz (1990) studied the role of hydrodynamic waves in stabilizing molecular clouds using numerical simulations. Suzuki & Sakai (1996) investigated the propagation of electromagnetic waves in a self-gravitating weakly ionized Alfve n plasma and showed that the small-amplitude waves Alfve n are damped because of ambipolar di †usion (the process by which the magnetic Ðeld carried by the ions di †uses through the neutral gas). Recently, Zweibel (1998) did a Jeans analysis to study the magnetosonic mode in a weakly ionized, self-gravitating magnetoplasma and showed that the mode becomes unstable because of the ambipolar drift (of ions) caused by the perturbed magnetic Ðeld.
However, most of the earlier investigations of waves and associated instabilities in partially ionized, self-gravitating magnetoplasmas (where the density inhomogeneity, the ion polarization, and the plasma e †ects are common events and play a very important role) have failed to recognize the importance of the density inhomogeneity, the ion polarization, and the plasma e †ects, which were considered by Huba (1990 ; 1991) in connection with a magnetic drift mode. We note that the plasma e †ect in the Jeans instability has been incorporated by Balsara (1996) and Zweibel (1998) through the ambipolar di †usion arising from the balance of the ion-neutral drag and the ion Lorentz force, by ignoring the Hall force, the ion inertial, and the gravitational force in the ion momentum equation. Thus, in the present investigation, we have considered a partially ionized, self-gravitating, nonuniform magnetoplasma and studied the electromagnetic modes and associated instabilities by taking into account the dynamics of the neutral and the plasma on an equal footing.
We have shown here that new types of instabilities, the Ðrst type of which is due to the combined e †ects of the self-gravitational force and collisions, the second type of which is due to the combined e †ects of the neutral and plasma Ñuid dynamics, and the third type of which is due to the drifting of electrons, exist in such a nonuniform magnetoplasma. The numerical analysis of the general dispersion relation exhibits several new features including di †erent types of new instabilities and roles of the neutral dynamics, collisions, inhomogeneities, the external magnetic Ðeld, ionization and recombination, etc., in stabilizing or destabilizing these instabilities. It is suggested that these instabilities could be responsible for the fragmentation of molecular clouds into substructures that in turn may fail to be supported against the self-gravity and may collapse to form the stars.
The manuscript is organized as follows. We present the governing equations in°2. We derive the dispersion relation and investigate the dispersion properties of the electromagnetic modes and associated instabilities in°3. Section 3.1 is concerned with these modes and instabilities for incompressible neutral Ñuid, whereas°3.2 deals with the compressible neutral Ñuid. A brief discussion is Ðnally presented in°4.
GOVERNING EQUATIONS
We consider a partially ionized, nonuniform, selfgravitating, isothermal magnetoplasma whose constituents are the electron, the ion, and the neutral Ñuid. The plasma is assumed to be quasi-neutral, i.e., where N e \ N i \ N, N e is the electron (ion) number density. We also assume (N i ) that the plasma is immersed in a nonuniform external magnetic Ðeld where is the unit vector along the B 0 \ zü B 0 (x), zü z-axis. The basic equations governing the macroscopic state of such a partially ionized, self-gravitating, nonuniform magnetoplasma system are given by
and
where and are, respectively, the electron, the ion, u e , u i , u n and the neutral Ñuid velocity, and are, respecm e , m i , m n tively, the electron, the ion, and the neutral mass, S and a are, respectively, the ionization and recombination coefficients, is the collision frequency of ions with elec-
is the collision frequency of l ei (l en ) electrons with ions (neutrals), is the collision frel ni (l ne ) quency of neutrals with ions (electrons), and are, T i , T e , T n respectively, the constant ion, electron, and neutral temperature expressed in units of energy, and are, c i , c e , c n respectively, the adiabatic index for ion, electron, and neutral Ñuid, E, B, and are the electric Ðeld, the magnetic ( g Ðeld, and the self-gravitational potential, respectively, e is the magnitude of the electron charge, G is the universal gravitational constant, and c is the speed of light in vacuum.
To include the contributions due to the ionization and recombination in equations (1)È(5), we assume that the ions and the electrons are born moving at the velocity of the (u n ) neutrals and die by recombining at the velocity of ions (u i ) (at the moment of recombination, electron and ion velocities are equal). It should be noted that (i) the e †ect of the self-gravitational force on the electrons in equation (5) and the contribution due to the displacement current in equation (6) are neglected, (ii) to write equations (3) and (6) ions are assumed to be single charged, and (iii) equations (3), (4), and (5) hold for m i \ m n .
DISPERSION PROPERTIES
To study the properties of electromagnetic waves in a partially ionized, self-gravitating, nonuniform magnetoplasma, we assume that the equilibrium density and magnetic Ðeld gradients are along the x-direction and there is no plasma or neutral Ñow at equilibrium. We shall carry out a normal mode analysis and, thus, express our dependent variables in terms of their equilibrium and isothermal perturbed parts as and
is the perturbed B 1 > B 0 magnetic Ðeld. Thus, our basic equations (1)È(8) are linearized as
$
To derive the dispersion relation for electromagnetic waves, we Ðrst use equations (13) and (14) and express equations (11) and (12) as
and (17) and (18) are coupled with the (m i /m e )1@2]. wave magnetic Ðeld the time evolution of which, after B 1 , using equations (13), (14), and (15), is given by
where is the electron g \ j e 2 l e , l e \ l ei ] l en , j e \ c/u pe skin depth, and is the electron plasma u pe
Now, for simplicity of mathematics, which must not lose any physics insight, we assume that (1) the wave magnetic Ðeld is directed along the z-axis (i.e., (2) all B 1 B 1 \ zü B 1 ), perturbed quantities vary along the y-axis, and (3) the wavelength of the perturbation mode is much smaller than the density or magnetic Ðeld inhomogeneity scale length. These assumptions along with equations (9) and (10) allow us to express equations (17), (18), and (19) as
where (20), (21), and (22) are our desired B 0 /(LB 0 /Lx). three coupled equations, which can be reduced to a single one as
Now, performing the Fourier transformation, i.e., taking L/Lt ] [iu and L/Ly ] ik (where k is along the y-axis only) and assuming from equation (23) we can
obtain a general dispersion relation for electromagnetic waves as
D . (24) Equation (24) is our new dispersion relation for electromagnetic waves modiÐed by the combined e †ects of the neutral Ñuid dynamics, the self-gravitational force, the inhomogeneity in the background plasma density and the external magnetic Ðeld, the collisions, the ionization and the recombination, etc. We now study the electromagnetic perturbation mode and associated instabilities for two situations, namely, for an incompressible neutral Ñuid and for a compressible neutral Ñuid. 3.1. Incompressible Neutral Fluid The dispersion relation for electromagnetic waves in a partially ionized plasma with an incompressible neutral Ñuid, i.e., and can be expressed from equa-
Equation (25) represents the dispersion relation for electromagnetic waves including the combined e †ects of the selfgravitational force, the inhomogeneities in the external magnetic Ðeld and the background plasma number density, collisions of electrons and ions with stationary neutrals, the ionization, the recombination, etc. To study di †erent modes and associated instabilities analytically, we consider the following special cases. It should be mentioned that the assumptions that we will consider here are not valid for any partially ionized/collisional plasma system simultaneously. However, these assumptions will provide us a clear theoretical understanding of the roles of the e †ects of di †erent drag forces, ionization, recombination, etc., on the waves and associated instabilities under consideration.
3.1.1. Case 1 : Collisionless Homogeneous Plasma
The consideration of collisionless, self-gravitating, uniform magnetoplasma (i.e., g,
This is the simplest dispersion relation for the magnetosonic waves modiÐed by the e †ect of the self-gravitational Ðeld. It is obvious that the mode is subjected to the Jeans instability if It is also clear that the external mag-(c s 2 ] V A 2) \ u Ji 2 /k2. netic Ðeld and the electron or ion pressure play the stabilizing role, whereas the self-gravitational e †ect plays the destabilizing role.
Case 2 : Collisional Homogeneous Plasma
We consider the homogeneous collisional plasma and examine the electromagnetic perturbation mode for di †er-ent frequency regimes of interest.
It is obvious from equation (27) 
We now consider the assumptions and l I , l R > u Thus, in such a situation, the dispersion relagk2, l in ? u. tion (25) can be simpliÐed as When we consider the assumptions l I , l R , gk2, l in ? u, the dispersion relation (25) can be simpliÐed as
It is obvious from equation (29) that for [u Ji 2 ] (V A 2/g) and we have a purely
R ) growing dissipative magnetic Jeans instability due to the combined e †ects of the self-gravitational Ðeld and the collisions of ions with neutrals or the ionization. It also provides us an interesting result that the combined e †ect of the external magnetic Ðeld and the ionization plays a destabilizing role for This means that in this case the
). e †ect of the external magnetic Ðeld plays an opposite role to the one it plays in cases 2a and 2b. It is also seen that for the e †ect of the ionization plays a destabil in ? (bl I [ 3l R ) lizing role, whereas that of the recombination plays a stabilizing role.
Case 3 : Collisional Inhomogeneous Plasma
We introduce the collisional inhomogeneous plasma and study the electromagnetic perturbation mode for di †erent frequency regimes of interest.
3.1.3.1. Case 3a :
We assume the approximations and l I , l R , kV De , gk2 > u and express the general dispersion relation kV nb * , l in ? u 
It is obvious from equations (31) and (32) 
Here, we assume the approximations l I , l R , kV De > u and which allow us to consider the
u, e †ect of on the purely growing dissipative magnetic V nb * Jeans instability (discussed in case 2b) or the e †ect of g on the electromagnetic mode (discussed in case 3a). Using the approximations and
Equation (33) represents the dispersion relation for the purely growing dissipative magnetic Jeans instability (discussed in case 2b) modiÐed by the plasma number density inhomogeneity. This also stands for the dispersion relation for the electromagnetic mode (discussed in 3a) modiÐed by the e †ect of collisions of the electrons with the neutrals or the ions. To examine whether the mode is stable or unstable or damped, we express the real and imagin-(u r ) ary parts of u as
It is clear from equations (34) and (35) that, under the condition electromagnetic waves propagating in a colkc s \ u Ji , lisional, nonuniform, self-gravitating magnetoplasma su †er the magnetic Jeans instability, which is due to the combined e †ect of the collisions and the self-gravitational Ðeld. The real frequency of this mode is due only to the inhomogeneity in the plasma number density or in the external magnetic Ðeld. It is also obvious from equations (34) and (35) that for the mode corresponds to that (with V nb * > gk u r0 ) discussed in case 2b and for the mode corre-V nb * ? gk sponds to the unstable perturbation mode (with o u r o [ 0) discussed in case 3a. This means that the e †ect of the inhomogeneity in the plasma density or the external magnetic Ðeld does not only modify the dispersion properties of such electromagnetic mode but also introduces a real frequency in the latter.
When we assume the approximations l in , o igk2 we can simplify the dispersion (25) and, as before, we can express the real and (u r ) imaginary parts of u for this case as
BCkV nb
H . (37) It is clear from equations (36) and (37) 
R ) bility because of the combined e †ects of the selfgravitational Ðeld and collisions of the ions with the neutrals or the ionization. It also provides us with the interesting information that the combined e †ects of the external magnetic Ðeld and the inhomogeneities play a destabilizing role for and It is kV
gk. also seen that for the e †ect of the recombil in [ (bl I [ 3l R ) nation plays a destabilizing role whereas that of the ionization plays a stabilizing role.
Compressible Neutral Fluid
We are now interested in considering the compressible neutral Ñuid (i.e., and which allows us to n n D 0 u n D 0), study how the dynamics of the neutral Ñuid modiÐes the electromagnetic modes and associated instabilities discussed in the case of an incompressible neutral Ñuid. The dispersion relation for the electromagnetic perturbation mode in this general situation is given by equation (24). To investigate di †erent modes and associated instabilities modiÐed by the dynamics of the neutral Ñuid, we again consider the two di †erent situations, namely, a collisionless homogeneous plasma and a collisional inhomogeneous plasma.
Case 1 : Collisionless Homogeneous Plasma
We consider collisionless, self-gravitating, uniform magnetoplasma ; i.e., we assume V nb
The dispersion relation (24) can be simpliÐed for this case as
spectra that are due to the coupling of neutrals with the plasma via self-gravitation. If we neglect the plasma e †ect, we just obtain the dispersion relation for the sound wave in a self-gravitating neutral Ñuid (u2 \ On the other hand, if we consider cold and k2v tn 2 [ u Jn 2 ). low-density neutral Ñuid, we obtain the dispersion relation for the magnetosonic mode discussed in case 1 of the incompressible neutral Ñuid. To see the e †ects of the cold neutral Ñuid on this magnetosonic mode we consider o u J 2 which allows us to express the two [ k2V sA 2 o ? u Jn kV sA , solutions of equation (38) as
It is shown from equations (39) and (40) that the destabilization of the short-wavelength (in comparison with the Jeans critical wavelength mode is attributed to the last j c ) term of the square root of equation (39), which arises because of the coupling between the neutrals and the plasma. It is also seen that the combined e †ects of the plasma and the neutral dynamics do not only play an important role in destabilizing the magnetic Jeans instability or increasing its growth rate but also introduce a new mode approximately characterized by equation (40). It is seen that this mode disappears if the combined e †ect (or the e †ect of the neutral dynamics) is neglected. Equation (40) clearly indicates that, for this new o u J 2 [ k2v sA 2 o ? u Jn kv sA , mode (which is due to the combined e †ect of the plasma and neutral dynamics) is unstable when the opposite Jeans criterion (i.e., is satisÐed.
Case 2 : Collisional Inhomogeneous Plasma
We have Ðnally considered the collisional inhomogeneous plasma and studied numerically how the e †ects of the neutral Ñuid dynamics, the inhomogeneities in the background plasma density and the external magnetic Ðeld, the collisions, the ionization, the recombinations, etc., modify the dispersion properties of electromagnetic waves. For our numerical analysis of the general dispersion (24), we have chosen the plasma parameters that are typical for a number of space and astrophysical plasma systems, particularly for molecular clouds, protostellar disks, interstellar and circumstellar clouds, the ionosphere of the Earth, etc. (Huba 1990 ; Suzuki & Sakai 1996 ; Bulanov & Sakai 1998 ; Zweibel 1999) 
Ji \ 0È0.6. The advantage of choosing such normalized parameters is that our analysis can be valid for di †erent ranges of some plasma parameters determining and As illustration, if u Ji c s . we Ðrst take K, cm~3, and T e^1 00 n 0^1 06 m i \ 1.67 ] 10~24 g, we then have s~1 and u Ji^1
.2 ] 10~4 c s \ 9.1 ] 104 cm s~1. Hence, the corresponding parameters, which stand for our numerical analysis, are n n^0
3.49 ] 1013 cm2 s~1, s1, and
It is obvious that these parameters are within the ranges that are typical for a number of space and astrophysical plasma systems, particularly for molecular clouds, protostellar disks, interstellar and circumstellar clouds, the ionosphere of the Earth, etc. (Huba 1990 ; Suzuki & Sakai 1996 ; Bulanov & Sakai 1998 ; Zweibel 1999 03 [ 106 kGÈ1 mG, and K, which are, of course, B 0 \ 1 T n^1 0 within the range of our parameters mentioned in both of our two examples, are for the giant molecular clouds (Zweibel 1999) .
The numerical results are displayed in Figures 1È7 . Figures 1 and 2 show how the e †ects of the neutral Ñuid mass density, the external magnetic Ðeld, and the neutral Ñuid temperature modify the dispersion properties of the electromagnetic wave. It is seen from Figure 1 that, as we increase the neutral Ñuid mass density (keeping the other parameters constant), the critical value of the wavelength (the minimum value of the wavelength for which the electro- 
The wavenumber k is normalized by The other parameters are u Jn /u Ji \ 1.0. the same as in Fig. 1 . magnetic perturbation su †ers the magnetic Jeans instability) is shifted to lower values. Figure 2 indicates that the e †ect of the external magnetic Ðeld plays a stabilizing role (see upper panel of Fig. 2) whereas the e †ect of the neutral Ñuid temperature drastically changes the nature of the dispersion properties of the electromagnetic mode and tries to stabilize it (see lower panel of Fig. 2) . Figures 3 and 4 show the e †ects of the inhomogeneities in the background plasma number density and the external magnetic Ðeld on the growth rate of the electromagnetic mode. It is found from Figure 3 that the plasma number density inhomogeneity plays the destabilizing role while the e †ects of the magnetic Ðeld inhomogeneity and drifting of the electrons play the stabilizing role. It is shown from Figure 4 that the drifting of electrons introduces another type of instability where the growth rate increases with the rise of the drift speed of electrons (see Fig. 4) . Figures 5 and 6 show the e †ects of the ion-neutral collision frequency the (l in ), electron-neutral collision frequency and the electron-(l en ), ion collision frequency on the growth rate of the (l ei ) unstable electromagnetic mode. It is observed here that the growth rate decreases with and but increases with l in l en l ei . Figure 7 shows how the e †ects of the ionization and the recombination modify the dispersion properties of the electromagnetic perturbation mode. It is obvious that the e †ect of the ionization plays the stabilizing role whereas the e †ect of the recombination plays the destabilizing role. It has been shown by our numerical analysis that, if we use the parameters mentioned in the Ðrst example, the growth rate and the corresponding wavelength of the unstable perturbation mode are, respectively, D10~4 s~1 and D109 cm, whereas, if we use the parameters mentioned in the second example, the growth rate and the corresponding wavelength of the unstable perturbation mode are, respectively, D10~6 s~1 and D1011 cm.
DISCUSSION
We have presented a self-consistent description of electromagnetic waves and associated instabilities in a partially ionized, self-gravitating, nonuniform magnetoplasma, accounting for the neutral Ñuid dynamics, the drag forces, the ionization and recombination, the inhomogeneities in the background plasma number density and the external magnetic Ðeld, etc. We Ðrst derived a new dispersion relation (see eq.
[24]) by employing the continuity and the momentum equations for the neutral Ñuid as well as the Hall magnetohydrodynamic (HMHD) equations for the plasma including the self-gravitational, the electromagnetic, and the drag forces. We then analytically studied the electromagnetic waves for di †erent frequency regimes of interest. We also numerically analyzed the general dispersion relation and examined how the e †ects of the neutral Ñuid dynamics, the inhomogeneities in the background plasma number density and the external magnetic Ðeld, the drag forces, the ionization, the recombination, etc., modify the dispersion properties of the electromagnetic perturbation mode. The results that were found in this investigation may be summarized as follows.
